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KINEMATIC INDICATORS AND DUCTILE STRAIN DOMAINS ASSOCIATED WITH REGIONAL
SHEARING: A TRANSECT ACROSS THE NORUMBEGA FAULT AND SHEAR ZONE SYSTEM,
PEMAQUID POINT TO NORTHERN CASCO BAY
By
Mark T. Swanson, Geography/Anthropology Department, University of Southern Maine
Gorham, Maine 04038
email address: swanson@maine.edu

INTRODUCTION
The Norumbega Fault and Shear Zone System represents a significant crustal boundary between the Central
Maine metasedimentary sequences to the northwest from the Merrimack, Casco Bay and other tectonic blocks to the
southeast. This crustal boundary has been active as a major dextral strike-slip shear zone beginning in the early
Devonian with regional shearing that evolved on the SE side as quadrangle-scale oblique-to-fault, upright, tight to
isoclinal folds (Fig. 1) that show a general subhorizontal layer-parallel and hinge-parallel elongation and a
progressive CW rotation to form large scale drag folds against the main fault (Swanson 1999a,b). Strain
accommodation during this later ductile regional shearing was synchronous with a phase of widespread syntectonic
granite dike intrusion that records the later stages of Norumbega deformation. The preserved geometry of these late
stage syntectonic granite dikes and associated quartz veins has been used to delineate shear sense and strain domains
within these flanking host rocks and develop a tectonic model for regional shearing based on the distribution of
these strain characteristics. This field trip takes an east to west oblique transect across the shear system from
Pemaquid Point on the SE side to northern Casco Bay along the main shear zone and across to the NW side to
examine the changes in kinematic indicators and strain domains relative to the main shear zone.
DIGITAL MAPPING TECHNIQUES
Field research for this study was conducted using survey-grade satellite-based (RTK GPS) and optical-based
(total station) digital instrumentation in conjunction with digital aerial imagery in an NSF-sponsored Research
Experiences for Undergraduates Site Program, 2002-2010, based at the University of Southern Maine (Swanson and
Bampton, 2009). Coastal exposures were mapped to delineate the basic strain characteristics recorded in the
geometries of now-deformed syntectonic granite dike intrusions. Orientation data was plotted using StereoWin
software. ArcGIS was used to compile and display the surveyed features as well as digitize larger-scale features
from hi-resolution aerial imagery. The development of increasingly-higher resolution digital aerial imagery with 6
in and 3 in ground distance pixel sizes available for most areas makes a lot of the original survey techniques
obsolete. Careful detailed sketch mapping on digital zoomed-in aerial image base sheets yields results on par with
outcrop digitizing survey techniques but not necessarily precise enough for some strain calculations.
REGIONAL STRUCTURE
Late Silurian/Early Devonian collisional deformation across Maine is dominated by a regional F2 fold phase of
tight to isoclinal upright folding often with subhorizontal, hinge-parallel lineation that forms the basic NE-striking,
steeply-dipping fold limbs, foliations, and shear-related tectonic fabrics. Steeply-dipping planar fabrics with gentlyplunging hinge-parallel lineation are characteristic of transpressional orogens that record a significant component of
orogen-parallel strike-slip shearing in addition to the convergence. This component of orogeny-parallel shearing,
usually late in the tectonic development takes advantage of the steeply-dipping planar orogenic fabrics for
reactivation in strike-slip. It is this orogenic fabric of vertical-planar/horizontal-linear anisotropy that localized
orogen-parallel shearing and the development of the Norumbega Fault Zone and influenced the nature of strain
accommodation associated with that shearing in the surrounding rocks.
On the SE side of the main Norumbega Fault Zone, from Casco Bay eastward through the Mid-Coast, the
deformational fabric of folds, foliations and lineations, however, shows a distinctly different pattern, aligned at an
oblique angle to the trace of the main Norumbega Fault Zone (Fig. 1). These oblique-to-fault upright F2-type folds
and fabrics also appear to bend and anastomose into the NE-striking Norumbega zone as large-scale drag folds and
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Figure 1. Southeast flank of the Norumbega fault and shear zone system showing regional structure of
oblique to fault trace upright fold system, general shear sense, strain domains and Field Trip Stops 1-5
(modified from Osberg et al. 1985).
are attributed to regional dextral strike-slip shearing and strain accommodation. Closer to the main fault zone in the
northern Casco Bay area the same fold structures have been reoriented to be more parallel to the fault zone and
continue to show the generally sub-horizontal elongation along with stronger dextral strike slip shear fabrics and
structures.
This basic geometry of steeply-dipping limb layering under horizontal elongation is key to the development of
boudinage as quartz- or granite-filled boudin partings to larger scale veins and dikes which can then serve as strain
markers for subsequent deformation. Km-wide zones of high simple shear strain parallel to these upright fold limbs
are recognized by the rotational deformation of initially-orthogonal dikes and veins to yield oblique-to-layer strings
of quartz and granite boudins. Wider zones of pure shear only deformation are recognized by the lack of these same
rotation features.
SYN- TO POST-TECTONIC QUARTZ VEINS AND GRANITE DIKES
Granite intrusions of various sizes and shapes abound throughout the coastal exposures from northern Casco Bay
through the Mid coast and into Muscongus Bay. Larger kilometer scale granite masses have been mapped on the
1:24000 quadrangle scale but throughout this entire area there are thousands of smaller-scale granite dike intrusions.
The variably-deformed nature of these dikes from planar and undeformed to contorted by folding, stretched by
boudinage or reoriented by shear indicates that they are syn- to post-tectonic in nature and, as such preserve the
strain history associated with the later stages of this orogenic activity. Similarly, on an even smaller-scale there are
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countless numbers of quartz veins and boudin partings that have been introduced by horizontal extension but now
show the same signs of deformation as do the granite dikes. These smaller-scale syn- to post-tectonic granites and
this late stage deformation are likely related in time to the intrusion of the larger mapped and dated granite bodies.
In the Mid-coast and Muscongus Bay areas the granites of the Waldoboro Pluton would be representative, dated at
368 +/- 2 (U-Pb zircon; Tucker et al. 2001). Regional shearing of the type examined here was then active during the
Late Devonian and Early Carboniferous and then waned with cooling and strain localization along mylonite zones
and localized brittle faults.
The regional structural set up of oblique-to-fault upright folds, steep limb layering and horizontal elongation
(Fig. 2) fosters the introduction of new quartz- and granite-filled syntectonic structures that when modified by
continuing deformation can serve as valuable kinematic indicators for shearing and the general pattern of strain.

Figure 2. Oblique-to-fault upright F2-type folds with characteristic hinge-parallel stretching lineation
and cross fracture partings in developing symmetric boudinage. Near-vertical limb layers and a
horizontal stretching lineation create strong planar and linear anisotropies that force strain partitioning
into layer-parallel simple shear and layer-normal pure shear components. Modification these initiallyorthogonal veins and intrusions creates asymmetric kinematic indicators and enables strain analysis to
reveal regional strain domains.

STRAIN PARTITIONING IN TRANSPRESSION
Both the planar and linear anisotropies in the rocks have a controlling influence on strain in any continuing
deformation. Shearing would reactivate and develop along the planar fabrics and extensional veins dikes and
boudin partings are preferentially developed perpendicular to both the planar fabrics and the lineation. With slip
constrained to be parallel to the planar and linear fabrics and extension constrained to be perpendicular to the planar
and linear fabrics any continuing deformation is forced to partition (Swanson 2007) between the simple shear and
pure shear end member components to the overall deformation (Fig. 3). Shearing parallel to the limb layers would
be combined with shortening perpendicular to the layers (and elongation parallel to the lineation) to yield any
general shear type convergent vector for the deformation.
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Figure 3. a.) oblique-to-fault layers related to regional shear; b.) strain partitioning of general shear
vector into a strike-slip simple shear component parallel to layers and a pure-shear component of
layer-normal shortening.
Initially-Orthogonal and Layer-Parallel Vein Emplacement during Pure Shear
Pure shear components to the deformation (Fig. 4) are expressed as near-horizontal layer-parallel elongation
coupled with layer-normal shortening as seen in the prominent ductile stretching lineations and the latest,
undeformed, still orthogonal-to-lineation, quartz veins and granite dike intrusions. Planar undeformed veins and
dikes still perpendicular to the stretching lineation represent the last pulse of elongation as the area was exhumed
through the brittle-plastic transition. In addition and often simultaneously, granitic magmas were intruded parallel
to the steep metamorphic layers as “sills”. Each type of structure, in turn, responds to the subsequent pure shear
deformation by forming symmetric layer-parallel granite boudinage in continuing pure shear elongation or tightly
crumpled ortho granite dikes in continuing pure shear shortening.
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Figure 4. a.) Orthogonal/parallel emplacement plus
pure shear model; b.) Instantaneous strain ellipse
for pure shear with shortening and stretching
quadrants and axes; c.) stereonet with distribution
of poles to veins relative to foliation and lineation.
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Figure 5. a.) Orthogonal emplacement plus simple
shear model; b.) Instantaneous strain ellipse for
simple shear with shortening and stretching
quadrants and axes; c.) stereonet with distribution
of poles to veins relative to foliation and lineation.
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Progressive Reorientation during Layer-Parallel Simple Shear
Older cross veins and ortho dikes from earlier pulses of elongation have been systematically deformed (involving
rotation and elongation) by layer-parallel simple shear (Fig. 5). Initially orthogonal-to-shear direction veins and
dike intrusions have been reoriented by rotation (CW rotation for dextral shear and CCW rotation for sinistral shear)
to lower and lower angles to the fabric-aligned shear. Poles to initially orthogonal-to-lineation quartz veins and
granite intrusions track a great circle distribution across the stereonet due to rotation about steeply-plunging rotation
axes during strike-slip shearing.
These initially orthogonal-to-lineation veins can also experience antithetic slip during a bookshelf-type rotation
of the intervening blocks during shear. Continued shear and rotation results in the elongation of veins or intrusions
from pinch and swell to strings of boudin pods that are oblique to the layering and may eventually localize
asymmetric folding and synthetic shear with asymmetric quartz or granite boudin pods and lenses that are
streamlined by shear flow. Cross-cutting relations for multiple vein or dike emplacements consistently show the
higher angle-to layer veins are always younger than, and crosscut, the older lower angle-to-layer veins that show the
most reorientation since emplacement.
STRAIN DOMAINS
On the SE side of the main fault zone, from the eastern Mid-Coast to northern Casco Bay, the oblique-to-fault
upright folds show a progressive CW reorientation during regional shear. Zones of limb shear develop in narrow
intervening synclines between adjacent broader anticlines representing a large scale lithologic strain partitioning and
helps to divide the region into distinct strain domains (Swanson, 2010). The progressive regional shearing of these
oblique-to-fault folds has set up four different strain domains, each dominated by distinctive assemblages of strain
and kinematic indicators as well as remarkably coherent stereonet plots of orientation data (Fig. 6). These strain
domains include dextral thrusting, right-lateral simple shearing, pure-shear-only shortening and elongation and leftlateral simple shearing. The simple shear domains include a component of simple shear not simple shear only and
significant pure shear shortening and elongation has accompanied the interpreted simple shear components.
NW Dextral Thrust Domain
Early deformation on the NW side of the main fault in the northern inner Casco Bay area consists of SE-dipping
layers with oblique E-plunging lineations (Swanson 2010). Map views show dextral kinematic indicators such as
oblique granite boudin strings, and large slightly-rotated ortho granites with incipient flanking folds and z-shaped
asymmetric folds. Fold axes are perpendicular to the E-plunging stretching lineation and the stereonet distribution
of undeformed to more deformed veins and dikes shows a rotation axis for the deformation perpendicular to the
stretching/shear direction lineation (Siok et al. 2009). This combination of strain and kinematic indicators points to
a domain of dextral thrusting in the Yarmouth, Freeport and Brunswick area on the NW side of the main fault zone.
Right Lateral Simple Shear Domain
The dextral thrust structures on the NW side of the fault are truncated in map view by a kilometers wide zone of
strongly-lineated NE-striking gneisses with SW-plunging lineations in steeply SE-dipping layers that represent the
main fault zone that runs through inner northern Casco Bay (Swanson, 1999a). Dextral kinematic indicators abound
throughout the area and include CW-rotated initially-orthogonal quartz veins and boudin partings, isolated
asymmetric granite boudins and oblique-to-layer boudin strings, plunging z-folds, asymmetric pyrite and tourmaline
porphyroclasts (Swanson, 1999a, Mayhew et al. 2007). Stereonet plots of poles to quartz-filled boudin partings
show a great circle distribution with a rotation axis that is contained in the plane of the layering and perpendicular to
the SW plunging lineation. The pattern of poles to undeformed veins and partings to deformed veins and partings
indicates CW rotation in right lateral shear.
Similarly, several kilometers to the east, the 2 km-wide NNE-striking Phippsburg dextral shear zone (Jansyn et
al. 2003, O’Kane et al. 2003, Miller et al., 2012) has localized along the western limb of the SSW-plunging Small
Point Anticline. Large granite dikes and granite boudin strings as well as smaller quartz-filled veins and boudin
partings abound with most showing oblique orientations relative to the layering. Stereonet plots of poles to veins
and dikes show partial great circle girdles with CW rotation axes within the plane of the foliation and perpendicular
to the gently SSW-plunging lineation.
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Figure 6. Distribution of stereonets relative to different strain domains across the SE flank of the
Norumbega fault and shear zone system. Pure-Shear-Only zone stereonets show initial dikes and
veins perpendicular to foliation/lineation with reorientation by folding to broad perimeter girdles.
Shear zones range from left-lateral and right lateral to right-lateral thrust type movements. Shear zone
stereonets show initial dikes and veins perpendicular to foliation/lineation with reorientation by
rotation during shearing into asymmetric partial girdles along best fit great circles whose pole defines
the rotation axis for the deformation.

Pure-Shear-Only Domains
Proceeding east across the SE side of the main Norumbega the pattern of dextral asymmetric kinematic indicators
is interrupted by a ~5km wide zone of dominantly pure shear strain with no evidence of rotation of any features in
strike-slip simple shear. The N-S trending Yarmouth Island-to-Richmond Island Pure-Shear-Only zone is flanked
on the west by main zone right lateral shear and on the east by the narrower Phippsburg dextral shear . This PureShear-Only zone coincides with the broad S-plunging Hen Cove Anticline. Spectacular symmetric competent-layer
boudinage at Cundy’s Point attests to the near horizontal elongation history (Crawford et al. 2009). Syn- to posttectonic granite dike intrusions cross the steeply-dipping layering at Yarmouth Island and Cundy’s Point at high
orthogonal angles and reflect the sub-horizontal elongation as seen in the regional fold axis-parallel stretching
lineation. There are, however, no signs of any rotation or boudinage of these cross intrusions as seen in the strikeslip shear strain zones. Instead, most of these cross intrusions show pronounced folding about vertical fold axes
indicating that a layer-normal shortening accompanied the layer-parallel and lineation-parallel elongation. The fact
that this Pure-Shear-Only zone coincides with the major Hen Cove Anticline (Laskowski et al. 2010) suggests that
simple shear reactivation occurred mostly on the steeply-dipping limbs to these larger F2 upright folds rather than
the more rigid and less favorably-oriented fold core zones.
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To the east of the Phippsburg Shear zone is the much broader Mid-Coast Block of tight oblique-to-fault upright
folds. The vertical NS-striking layers in this Mid-Coast Block are dominated by cross-cutting orthogonal granite
dike intrusions and quartz-filled boudin partings that show no sign of rotational strain. Layer-normal shortening is
accompanied by layer-parallel elongation so that cross-cutting granite dikes are crumpled into multiple symmetric
folds and competent-layer boudinage remains completely symmetric as can be seen at Seguin, Salter (Orton et al.
2007, Plitzuweit et al., 2007) and Damariscove Islands (Waters et al. 2008).
Left-lateral Simple Shear Domain
The eastern boundary of this Mid-Coast Block is marked by the appearance of left-lateral kinematic indicators
suggesting NS-striking shear zones at Pemaquid Point (Castle et al. 2004, Benford et al. 2009) and eastern
Muscongus Bay (Doyle et al. 2004, Olson et al. 2005, Betka et al. 2006). Granite intrusions are common
everywhere in the form of dikes and larger masses likely related to the nearby Late Devonian Waldoboro Intrusion.
Exposures show CCW rotation of initially-orthogonal granite dikes to become oblique strings of asymmetric granite
boudins. Several exposures at Pemaquid and nearby Friendship-Long Island show distinct lithologic strain
partitioning with more reorientation in the softer layers and remnant orthogonal initial orientations in the stiffer
layers. Adding to the left-lateral simple shear component in this area is the Harbor Island Fault Zone of eastern
Muscongus Bay that runs through Crane, Harbor and Black Islands and consists of several single layer-parallel
pseudotachylyte fault veins with clear meter-scale left-lateral offsets of earlier quartz veins (Swanson 2005).
STRAIN CALCULATIONS
Changes in length and orientation of introduced initial structures allows the use of simple strain calculations to
quantify the approximate % shortening, % elongation and gamma shear strain developed during regional shearrelated deformation. Calculations involve line length comparisons, surface area reconstruction and measured cotan
B angles. These calculations represent only minimum strains due to only that part of the deformation since the
introduction of the quartz veins or granite dike intrusions.
Layer-normal shortening
In the Pure-Shear-Only strain domains, initially-orthogonal emplacement of veins and dikes is followed by
significant layer-parallel shortening as can be seen in the tightly yet symmetrically folded veins and dikes that
develop in these areas with no preferential CW or CCW reorientation. Line length comparisons (Fig. 7a) between
the initial length (as measured along the vein or dike contact following all folds) to the final length of the presentday cross foliation length after shortening will calculate the % shortening involved in this pure shear strain type of
deformation. Initial and final lengths can be measured using the string method in the field or by onscreen
measurements in digital photos. Results of calculations for the Yarmouth-Ragged zone range up to 52% shortening
(Crawford et al., 2009) and for the Mid-Coast block, up to 89% shortening (Orton et al. 2007; Waters et al. 2008).
Layer-parallel elongation
In the Pure-Shear-Only strain domains, layer normal shortening, as described above, is accompanied by layerparallel elongation aligned along the stretching lineation. Elongation of competent metamorphic layers or layerparallel granite sills is calculated using a surface area reconstruction technique (Fig. 7a) that assumes no loss of
volume during the elongation. The sum of the measured surface areas for the boudin pods represents the surface
area of the initial intact crosscutting vein or dike. The maximum observed boudin thickness, as a minimum initial
thickness for the initial vein or dike, can be used to estimate an initial length based on the measured surface area
assuming a simple rectangular initial geometry. Surface area measurements can be done manually using
photographs and a polar planimeter or digitally using georeferenced hand held or camera-pole images. Comparison
of this estimated initial length with field measured final length calculates the % elongation involved in forming the
boudinage. Layer-parallel elongations calculated by this technique for the Yarmouth-Ragged zone up to 150 %
elongation and for the Mid-Coast block, up to 300% elongation (Orton et al. 2007; Waters et al. 2008).
Layer-parallel simple shear
In the Simple-Shear strain domains (Fig. 7b) there is a recognizable component of simple shear to the overall
deformation. This introduces a rotational strain with CW rotation for dextral shear or CCW for sinistral shear of the
initially-orthogonal veins or dikes. Psi angles of rotation increase with increasing simple shear strain developing
oblique-to-layer boudin strings that rotate to lower and lower Beta angles to the shear/layer boundaries. The tan Psi
= cotan Beta = gamma shear strain calculation assumes card-deck simple shear and represents an apparent minimum
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Figure 7. a.) strain analysis components for the orthogonal/parallel emplacement plus pure shear model with
Lf and folded vein Li; b.) strain analysis components for the orthogonal emplacement plus simple shear
model including B angle (or run/rise) and Lf. In both models Li is estimated from total boudin surface area
using the thickest boudin as minimum initial width in a simple rectangular initial geometry.
shear strain accounting for only that shear strain that developed since the initial vein or dike emplacement. In
addition, any accompanying pure shear component to the deformation remain unaccounted for yet would contribute
to the apparent rotation of the oblique-to-layer boudin string. Gamma shear strain estimates (assuming simple end
member simple shear) for the main shear zone in Inner norther Casco Bay can typically range to ~15-20 (Swanson,
2007; O’Kane et al. 2003) but can be locally as high as ~50 (Mayhew et al. 2007).
Elongation measurements for oblique boudin strings
Surface area reconstruction can also be used for the oblique-to-layer boudin strings (Fig. 8) to estimate the
elongation that accompanied the CW or CCW rotation from initial orthogonal positions. Total surface area and
maximum boudin width as a minimum thickness for the initial vein or dike can be used to estimate an initial length
for the orthogonal vein or dike assuming the simplest rectangular geometry. In all cases, the estimated minimum
initial length for the now oblique-to-layer boudin string exceeds the available cross-layer “rise” in a card-deck
simple shear model. This suggests that a significant component of pure shear as layer-normal flattening and layerparallel elongation has accompanied the shear-related reorientation of the initially-orthogonal vein or dike. These
calculations suggest an additional 50-80% layer-normal shortening (Swanson 2007; Castle t al. 2004; Mayhew et al.
2007) was involved in the simple shear reorientation of these oblique-to-layer boudin strings. This is similar to
strain analysis results for high-strain zones in the Virginia Piedmont (Bailey et al. 2004) which showed 40-70%
contraction normal to the zones in addition to the significant strike-slip component.
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0
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Figure 8. Example strain analysis using the Pemaquid boudin string. Assuming the orthogonal
emplacement + simple shear model with CCW rotation to B = 110, cotan B = gamma of 5.1.
Comparing the estimated initial length with the shorter measured cross layer “rise” for the boudin
string suggests an additional layer-normal shortening component to the deformation.
STRAIN CYCLING
A number of observations help to constrain any model of strain cycling for the development of these oblique-tolayer boudin strings. First, tensional failure and emplacement of veins and dikes occurs when Sigma 1 is
perpendicular to the layers as in a pure shear strain type of deformation. Tensional failure does not occur at 45
degrees to the shear zone/layer boundaries as expected in a simple shear type deformation. Second, orthogonal
emplacement is followed immediately by reorientation without any significant vein- or dike-parallel shortening,
implying that the once in place the vein or dike rotated immediately into the extensional field as predicted in a
simple shear model. Third, layer-parallel elongation is accompanying the rotation of the oblique-to-layer boudin
strings. And fourth, higher angle-to-layer veins crosscutting lower angle-to-layer veins implies that this process can
be repeated multiple times in the same location.
Figure 9 uses a diagram modified from Ramsey & Huber (1983) to show how the orientation of the Sigma 1
direction within a shear zone depends on the magnitude of the added normal stress component. High enough normal
stress and shearing stops as the Sigma 1 direction continues to rotate to become perpendicular to the now inactive
shear zone boundaries. Here, pure shear deformation leads to tensional failure and the introduction of the new
quartz and granite-filled features. After tensional failure and the relief of the normal stress, simple shear takes over
to rotate orthogonal features immediately into the extensional field for simple shear. The pure shear component then
rebuilds adding elongation and more angle changes to the final oblique-to-layer boudin string.

IMPLICATIONS FOR TECTONIC MODEL
Regional strain characteristics are combined into a model of oblique-to-fault upright folding and fold tightening
against a restraining bend in the Norumbega fault zone which sets up the different pure and simple shear dominant
strain domains. Both the smaller Yarmouth-Richmond and the larger Mid-Coast blocks of pure-shear-only
deformation are flanked by simple shear zones of strike-slip deformation. Flanking zones of same sense shear zones
as in the Yarmouth-Richmond block suggest imbrication of fault lenses at the Casco Bay restraining bend section of
the fault. Flanking zones of opposing-sense shear suggest a lateral extrusion model of driving crustal blocks out of
the restraining bend. Here, the more rigid Mid-Coast block appears to have extruded southward between a pair of
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Figure 9. a) cyclic pattern in the orientation of compressive stress direction from oblique to shear to
orthogonal to shear; b) graph showing initial simple shear followed by increasing normal stress and pure
shear component until tensional failure and orthogonal vein/dike emplacement.
opposing-sense shear zones as in the right-lateral Phippsburg Shear Zone on the west and the left-lateral PemaquidHarbor Shear Zones on the east. This southward lateral extrusion, out of the restraining bend area on the fault, likely
developed as part of a progressive imbrication, or contractional telescoping, of fault blocks during dextral
transpression.

CONCLUSIONS
The pattern of regional strain accommodation on the SE side of the Norumbega takes the form of oblique-to-fault
upright folds that have rotated clockwise during continued shear. These upright F2 folds show evidence of hingeparallel elongation as a prominent stretching lineation and accompanying symmetric boudinage. Distortion of
initially orthogonal-to-lineation boudin partings, quartz veins and granite dike intrusions by simple shear
mechanisms to yield asymmetric boudinage and oblique-to-layer boudin strings helps to delineate local strain
domains of dominant pure shear versus simple shear type deformation. The strain partitioning between a strike-slip
layer-parallel simple shear component and a layer-parallel elongation and layer-normal shortening pure shear
component is due to the prominent planar and linear anisotropy in the host rocks under oblique convergent
deformation. The development of a Mid-Coast block of pure-shear-only deformation with layer-normal flattening
and lineation-parallel elongation with flanking simple shear zones of opposing shear sense indicates a southward
crustal extrusion that corresponds with a restraining bend in the trace of the main Norumbega zone.
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DRIVING AND WALKING LOG
MEETING POINT:
7:30 AM at the Park & Ride Lot, Rt 1, Freeport - next to the Super 8 motel and across from the Econo Lodge.
There will be an empty 10 passenger van available for carpooling to reduce number of vehicles. We will leave
promptly for the 1 hr 10 min ride to Stop #1 at Pemaquid Point and return to this Freeport Park & Ride Lot at the
end of the day.
Directions: From Rt 295 North or South: take Exit 20 Desert Road and follow signs to Rt 1 South, proceed for
~1/4 mile to Park and Ride Lot on the right.
UTM Coordinates: E 409827, N 4854737.
Lunch: Nearby Hannaford grocery store in Freeport opens at 7:00 AM, if needed.
Physical demands: Easy short hikes to coastal rock exposures. Uneven rock outcrops can be dangerous when wet.
Entrance fees: $2 per person fee for entrance to Pemaquid Point Lighthouse Park, 9-5 daily.
This field trip is covered by Maps 6 & 7 in DeLorme’s Maine Atlas and Gazetteer.
7:35-8:45

1 hr 10 min Travel Time Freeport to Stop 1A - Pemaquid Point Lighthouse Park

Mileage
0.0
Rt 1 Park & Ride, Freeport, turn left onto Rt 1 North and left at 1st traffic light following signs to
I-295 North, proceed on I-295 North.
8.0
Take Exit 28 Brunswick/US Rt 1 North, follow Rt 1 North through Brunswick, Bath and Wiscasset to
Damariscotta.
37.1
Turn right onto Me Rt 129 South/Bristol Rd.
40.0
Bear left onto Me Rt 130 South/Bristol Rd, follow Rt 130 South through Bristol and on to Pemaquid Point.
51.7
Entrance to Pemaquid Point Lighthouse Park; $2 entrance fee between 9-5. Bathrooms available.
8:45-9:30 45 min STOP 1a – Pemaquid Point Lighthouse Park (E 459284, N 4853973 UTM)
STOP 1A Walking Log:
Follow the path from the lower southern end of the parking area for about 20 m down to the outcrops. Tour will
proceed across the steeply dipping metamorphic layering and then back up towards the Lighthouse.
STOP 1A Description:
Pemaquid Point has been mapped as part of the Silurian-Ordovician Bucksport Formation (SOb)
consisting of quartz plagioclase biotite hornblende granofels and gneiss. Late stage syn- to post-tectonic
granites were developed as both layer-parallel sills and as cross-cutting dikes perpendicular to the fold
limbs, the fold axes and the stretching lineations in the host rock. Thick cross-cutting ortho dikes can be
seen with several layer-parallel intrusive fingers each developing symmetric boudinage. Thick layer
parallel sills can be observed with perpendicular offshoots each undergoing layer-normal shortening.
The Lighthouse Park exposures (Fig. 10) show a variety of symmetric and asymmetric boudinage
developed within the steeply-dipping F2-type fold limb layering. Several small isoclinal upright anticlines
with sub-horizontal fold axes and co-linear stretching lineations are exposed that define the controlling
planar and linear anisotropies in the host rock as it continued to deform. A single large layer-parallel
granite intrusion forms the high ridge along the far eastern edge of the outcrop and developed distinctive
symmetric boudinage with steeply-plunging boudin necklines. There are also a variety of oblique-to-layer
granite boudin strings suggesting CCW rotation from initially-orthogonal dikes due to apparent left-lateral
layer-parallel shear. Many of the individual granite boudins in these oblique strings have developed
asymmetric shapes with slight asymmetric flanking folds indicative of left-lateral layer-parallel shear. The
prominent granite boudin string in the center of the outcrop map area was used for the example strain
analysis discussed previously. The results of strain analysis for the Pemaquid Point area indicate apparent
left lateral simple shear gamma values up to ~11 as well as significant layer-normal shortening (up to
~80%) and layer-parallel elongation (up to ~420%) in an additional pure shear component (Castle et al.
2004).
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Figure 10. STOP 1A: Pemaquid Point – Pemaquid
Lighthouse Park exposures.

9:30-9:35

vegetation

Figure 11. STOP 1B: Pemaquid Point - West Strand
Road exposures.

5 min Travel Time to Stop 1B - Pemaquid Point West Strand Rd. Outcrops

Mileage
0.0
Exit park on Rt 130 N/Bristol Rd.and after ~500 ft…take 1st left onto Pemaquid Loop Rd.
0.4
After road swings around to the NW turn left into small dirt parking area
9:35-10:05

30 min STOP 1b West Strand Road Outcrops (E 458686, N 4853695 UTM)

STOP 1B Walking Log:
From the Pemaquid Loop parking area walk back and to the NW along West Strand Rd for 260 meters to where
the road starts to swing around to the north, turning left into small path through the coastal shrubbery to where the
coastal outcrop. Proceed down to the outcrop and back to the N end of the selected exposures. Tour will then
proceed south and then southeast along the outcrop
STOP 1B Description:
The West Strand Rd exposures (Fig. 11) show a complex mix of deformed syntectonic granite dikes and
veins showing both layer-parallel intrusion and symmetric boudinage along with smaller zones of possible
left-lateral shear as seen in oblique-to-layer granite boudin strings. The northern end of the mapped
exposures shows a large m-thick late orthogonal granite roughly perpendicular to the steeply dipping layers
and to the gently S-plunging stretching lineation. Two small several cm-thick granitic veins, oblique-tolayers, show distinct lithologic strain partitioning with greater CCW rotation in darker more pelitic layers
and remnant initial orthogonal orientations in a single more competent quartzite layer that resisted leftlateral shear. Similar lithologic-control geometries have been seen in half-a-dozen other locations.
The rest of these exposures reveal an assortment of granitic intrusions of differing ages with earliest
layer-parallel intrusions that show prominent symmetric boudinage reflecting continued layerparallel/lineation-parallel elongation. Later fine-grained granites display complex deformations some of
which can be attributed to a layer-parallel sinistral shear component.
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1 hr 10 min Travel Time to Stop 2 - Hermit Island, Phippsburg

Mileage:
0.0
11.7
14.6
32.6
32.9
44.1
47.0
47.3

Exit Pemaquid Lighthouse Park and onto Me Rt 130 North/Bristol Rd.
Bear right and merge onto Me Rt 129 North/Bristol Rd.
In Damariscotta turn left onto Rt 1 South and follow through Wiscasset,
Woolwich to Bath.
Follow signs for Me Rt 209 South, exit onto Leeman Hwy. Left onto Middle Street and
1st right onto Granite Street.
Turn left onto Me Rt 209 South.
Stay straight onto Rt 216 South thru Small Point
Turn right onto Head Beach Rd.
To parking at Head Beach.

11:15-12:30

1 hr 15 min STOP 2 – Hermit Island, Phippsburg - (E 431469, N 4841105 UTM)

STOP 2 Walking Log:
From available parking at the far end of Head Beach walk in ~825 m going through the closed campground
entrance at ~100 m and following the camp road keeping left up the hill. Keep left at the fork at ~360 m; down to
the beach at 525 m and across the beach to the edge of the western Wallace Head at 825 m.
STOP 2 Description:
This area of Phippsburg is underlain by the Ordovician-age Cape Elizabeth Formation consisting of a
variety of muscovite biotite schists. The Wallace Head exposures on the western side of Hermit Island (Fig.
12) consist of biotite muscovite garnet quartz andalusite schists and show steeply-dipping NNE-striking
layers with generally gentle SSW-plunging lineations. Having left the sinistral shear structures back at
Pemaquid Point, we now see dextral shear structures at Hermit Island, having crossed over the Mid-Coast
domain of Pure-Shear-Only structures. The Wallace Head section of Hermit Island is part of the
Phippsburg Shear Zone, an intervening dextral high shear strain zone between the Pure-Shear-Only Zones
at Yarmouth-to-Ragged Islands to the west and the mid Coast section from Small Point to Pemaquid Point
on the east. The Wallace Head exposures show a variety of asymmetric kinematic indicators for dextral
strike slip shearing including CW-rotated initially-orthogonal veins and boudin partings filled with granite,
quartz/andalusite and/or quartz/garnet as well as P-type, tourmalinized, dextral kink-bands. Some small,
more complexly deformed veins and intrusions show layer-normal shortening effects in addition to the
rotation and elongation effects of dextral strike-slip shearing. Strain analysis for rocks at Hermit Island and
nearby Wood Island show up to ~11 gamma for oblique boudin strings in apparent right lateral shear and
layer-normal shortening of up to 66% from crumpled crosscutting orthogonal granite veins (O’Kane et al.
2003).

12:30-1:25

55 min travel Time to Stop 3 - Giant Stairs, Bailey Island Harpswell

Mileage:
0.0
Exit Head Beach on Head Beach Rd
0.3
Turn left onto Rt 216/ Small Point Rd. North
3.2
Merge with Rt 209 North and follow to Bath
14.4
Turn left onto entrance ramp to Rt 1 South
14.5
Onto Rt 1 South and follow out of Bath and into Brunswick.
19.4
Exit right to Cook’s Corner Brunswick and onto Rt 24 South
34.1
Turn left onto Washington Avenue
34.2
Find available parking in front of small church on the left and along roadway
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Figure 12. STOP 2: Hermit Island– Wallace Head

C

Figure 13. STOP 3: Giant Stairs exposures

1:25-2:25 1 hr Stop 3 Giants Stairs, Bailey Island, Harpswell (E 419900, N 4841969 UTM)
STOP 3 Walking Log:
From available parking at the small church and along the road, follow signs to Giant Stairs and walk 140 m SE
down Ocean Street to the Giant Stairs property, enter along shoreline path at the north end of the exposures.
Continue for another 50 m and turn left into available short paths to outcrop through coastal shrubbery and abundant
poison ivy.
STOP 3 Description:
The Giant Stairs exposures on the east side of Bailey Island consist of garnet staurolite muscovite biotite
schists of the Ordovician-age Cape Elizabeth Formation and , of course, the large Triassic-age basalt dike
intrusion that has been plucked out by wave action to form the giant-sized steps down to the ocean that give
this nature preserve its name. The mapped exposures are shown in northern and southern sections (Fig. 13)
where the NNE-striking metamorphic host rock foliation is very steeply-dipping to near-vertical in
orientation with gentle SW-plunging stretching lineations. These outcrops exhibit numerous deformed and
reoriented quartz-filled boudin partings running oblique across the steep foliation. This consistent
geometry suggests initial layer-parallel elongation and the development of orthogonal boudin partings
followed by CW rotation due to right-lateral shear. While many of the quartz-filled partings have
developed clear asymmetric geometries due to a simple shear component but others show signs of layernormal shortening in a pure shear component.
A single distinctive 30 cm thick amphibolite layer exposed at the base of the outcrop cliff edge has
separated into boudin pods along initially-orthogonal partings that have evolved through CW rotation and
layer-parallel right lateral simple shear. The resulting boudin geometry has changed from rectangular to
parallelogram reflecting the internal layer-parallel shear within the amphibolite.
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35 min Travel Time to Stop 4 - Merepoint, Brunswick

Mileage:
0.0
back out Washington Avenue to Rt 24
0.1
turn right onto Rt 24 North
6.3
Turn left onto Mountain Rd
8.9
Turn right onto Harpswell Neck Rd./Rt 123 N
12.7
Turn left onto Middle Bay Rd.
13.9
Sharp left onto Merepoint Rd.
(18.4
Turn left into public boat ramp to use available bathrooms. Turn left back onto Merepoint Rd. to continue.)
18.5
Onto Sea Point Rd
18.6
and onto Central Avenue
18.8
Turn left into available parking on the far side of the neighborhood tennis court.
3:00-3:30

30 min STOP 4 – Merepoint, Brunswick - (E 417642, N 4852965 UTM)

STOP 4 Walking Log:
From available parking at the neighborhood tennis courts, walk southwest along Central Avenue for about 260 m
to the sharp turn-around at the end at Merepoint. Follow short path out to the small outcrops on the point.
Stop 4 Description:
The Merepoint exposures (Fig. 14) consist of moderately-dipping rusty muscovite-biotite schists of the
Merepoint member of the Ordovician-age Cushing Formation which transitions to the east into the grey
quartz plagioclase biotite gneisses of the Cushing Formation itself. These exposures represent part of the
main dextral high shear strain zone in northern Casco Bay marked by SW-plunging lineations within SEdipping foliations. The exposures at Merepoint itself show distinctive oblique-to-layer strings of granite
boudins at small Beta angles to the foliation, several individual asymmetric granite boudins and one large
isolated granite boudin with asymmetric isoclinal flanking folds indicative of dextral shear. Similarly,
large isolated granite boudins such as this are found at the tips of many of the islands along strike to these
at Merepoint.
Strain analysis of the oblique granite boudin strings relative to the foliation indicate gamma shear strains
up to ~13 and boudin string-parallel elongations up to ~600%. Other nearby exposures in the area show
gamma shear strain up to ~23 (O’Kane et al. 2003).

3:30-4:00

30 min travel time to Wolf Neck Woods State Park

Mileage:
0.0
Turn left back onto one-way Central Avenue and follow around point to E Marginal Rd.
0.6
Merge into SeaPoint Rd
0.7
Merge into Merepoint Rd.
6.2
Merge into Maine Street.
6.4
Sharp left turn onto Pleasant Hill Rd.
12.5
Sharp left turn onto Flying Point Rd.
13.3
Right turn onto Wolfes Neck Rd.
15.4
Turn left into entrance road to Wolf Neck Woods State Park
15.7
Continue to parking area (entrance fee waived for field trip participants, bathrooms available)

4:00-5:00

1 hr STOP 5 Wolf Neck Woods State Park – (E 412838, N 4852649 UTM)

STOP 5 Walking Log:
From south end of parking area, follow signs to the shoreline and the Casco Bay Trail. Walk along trail for ~420
m to the 2nd shoreline access point with stairs descending to the outcrops.
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Figure 15. STOP 5: Wolf Neck Woods
State Park exposures.

STOP 5 Description:
The NW side of the main fault zone in the northern Casco Bay area of Falmouth, Freeport and
Brunswick is comprised of rocks of the Falmouth-Brunswick sequence and includes the grey plagioclase
quartz biotite gneisses of the Ordovician-age Nehumkeag Formation. Rocks in the Wolf Neck area are
dominated by moderately SE-dipping metamorphic layers that record early W-directed thrusting along Eplunging lineations. These lineated gneiss layers also show dextral kinematic indicators in map view that
includes cross quartz veins and granite dike intrusions with rotation to oblique-to-layer boudin strings,
asymmetric streamlined granite and quartz lenses and asymmetric Z-shaped plunging folds. Exposures at
nearby Lane’s Island (Siok et al. 2009) exhibit the E-plunging stretching lineation in both the metamorphic
layers and the older layer-parallel granites and perpendicular to this, sometimes in the same outcrop, the Splunging fold axis lineation as well. The Wolf Neck State Park exposures as in this 2nd shoreline access
point (Fig. 15) show late ortho granite dikes perpendicular to a strong E-plunging stretching lineation, some
with asymmetric flanking folds showing the beginning of shear related rotation. Older more deformed and
reoriented granites are preserved as oblique-to-layer granite boudin strings with S-plunging boudin
necklines.
In stereonet plots of poles to granite dikes from this area, the distribution of those poles tracks a great
circle across the net whose pole represents the rotation axis for this shear-type deformation. These plots
show a well-defined rotation axis for the shear deformation that is S-plunging perpendicular to the
stretching lineation/shear direction and parallel to the fold axis lineation for the asymmetric folding. The
geometry of these two lineations, one as the stretching/shear direction and the perpendicular asymmetric
fold axis lineation indicate a W-directed overthrust deformation on the dominantly SE-dipping
metamorphic layers.
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5 min travel time back to Freeport Park & Ride Lot – (E 409827, N 4854737 UTM)

Mileage:
0.0
Exit park on entrance road
0.3
Turn right onto Wolfes Neck Rd.
2.4
Turn left onto Flying Point Rd.
3.8
becomes Bow Street
4.8
Turn left onto Rt 1 in downtown Freeport
6.3
Turn right into Rt 1 Park and Ride Lot, Freeport.
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